In this methodological study, a procedure for measuring regional CBF (rCBF) with positron emission tomography and ISO-labelled tracers is optimized. Four healthy volunteers were subjected to eight studies with use of [lsO]butanol as a tracer: four times while reading aloud and four times while reading silently from a pho nologically balanced list of single words. The gain from these repeated intra-individual studies of the same acti vation state (fractionation) was demonstrated in terms of noise-equivalent counts in a phantom study. A comput erized brain atlas was used to reformat the images to a common anatomical representation, thereby minimizing the effects of inter-and intra-individual anatomical and Studies of regional CBF (rCBF) in humans have been performed since the early sixties (Lassen and Ingvar, 1961; Ingvar and Lassen, 1963) . Based on the postulate by Roy and Sherrington (1896) that the blood flow in the brain is coupled to its need for energy and oxygen, cerebral function may be stud ied by mapping the flow patterns induced by differ ent types of cerebral activation (Lassen et aI., 1991). Today such studies are often performed us ing positron emission tomography (PET) and an 150-labeled flow tracer.
Summary: In this methodological study, a procedure for measuring regional CBF (rCBF) with positron emission tomography and ISO-labelled tracers is optimized. Four healthy volunteers were subjected to eight studies with use of [lsO] butanol as a tracer: four times while reading aloud and four times while reading silently from a pho nologically balanced list of single words. The gain from these repeated intra-individual studies of the same acti vation state (fractionation) was demonstrated in terms of noise-equivalent counts in a phantom study. A comput erized brain atlas was used to reformat the images to a common anatomical representation, thereby minimizing the effects of inter-and intra-individual anatomical and Studies of regional CBF (rCBF) in humans have been performed since the early sixties (Lassen and Ingvar, 1961; Ingvar and Lassen, 1963) . Based on the postulate by Roy and Sherrington (1896) that the blood flow in the brain is coupled to its need for energy and oxygen, cerebral function may be stud ied by mapping the flow patterns induced by differ ent types of cerebral activation (Lassen et aI., 1991) . Today such studies are often performed us ing positron emission tomography (PET) and an 150-labeled flow tracer. positional variations. This allowed the formation of inter and intra-individual average subtraction images with er ror estimates. Differences between the two activation states were detected with use of an exploratory signifi cance map based on a paired Student's t test. The results compared well with Friston's method of determining lev els of statistical significance. No difference was obtained when comparing results from rCBF images and images generated from measurement of uptake of the tracer. The paradigm chosen for activation was shown to yield a con stant activation level during the repeated measurements (i.e., no habituation). Key Words: Positron emission to mography-Regional CBF-Brain activation.
Ideally, changes in cerebral function can be de tected by subtracting the rCBF images obtained for the different activation states. In practice, however, there may be inherent statistical limitations that make it difficult to separate real changes from those randomly occurring, or accurately to delineate the activated region from surrounding regions. Several techniques for dealing with these problems have been devised over the last decade. These methods often use intersubject averaging and data smoothing and, more recently, also intrasubject averaging. For intersubject averaging, the individual rCBF data are usually transformed to a common anatomical space in order to minimize the influence of differences between individuals (Fox et aI., 1985; Bohm et al., 1986 Bohm et al., , 1989 Posner et aI., 1988; Mintun et aI., 1989; Fox and Mintun, 1989; Friston et aI., 1989 Friston et aI., , 1991a Fox, 1991; Greitz et aI., 1991) ,
The quality of the blood flow images obtained for the individual activation state is affected by the rel-atively low sensitivity of most PET systems cur rently used, since only a small number of the de caying nuclei can actually be detected. A conven tional method for increasing the statistical precision is to administer larger amounts of the flow tracer. However, PET systems have two major physical limitations that may counteract this approach: the system dead time and the random coincidence con tributions. For very small amounts of radioactivity, the system response is almost linear with high sen sitivity. If, however, too much radioactivity is ad ministered, the system response may be saturated, resulting in images with either very little improve ment or even degradation of the signal-to-noise ratio.
An alternative method for increasing the statisti cal precision of rCBF studies (fractionation) has re cently been suggested by Cherry et al. (1993a) . In stead of performing one study with a large amount of injected radioactivity, multiple studies of the same physiological state are executed using less in jected radioactivity, and the resulting images are averaged. The higher the multiplicity and the smaller the fractions, the higher the signal-to-noise ratio in the average blood flow images will be. Ad ditional advantages to performing multiple studies are that the influence of random physiological vari ations on the rCBF measurement may be reduced and that intra-individual effects of habituation/ learning may be estimated (Grafton et al., 1992) . The highest statistical precision will thus be ob tained by performing the study a very large number of times. However, the actual number of adminis trations that are feasible is limited by practical con siderations and especially by the total accumulated dose that can be administered to a given volunteer. This value varies from country to country but is usually on the order of 250 mCi (9.25 GBq) for an 150-labeled tracer.
This paper presents a methodological investiga tion of the statistical gains from the use of the frac tionation procedure in PET studies of rCBF using [150] butanol. The effects of fractionation were first evaluated in a phantom study. The results obtained supported the use of a fractionated rCBF measure ment procedure. In the procedure tested, a fraction ation of eight was chosen for practical reasons. With the total limit of 280 mCi of [150]butanol al lowed here for one volunteer, 35 mCi (I.3 GBq) was administered in each study. Two activation states (reading aloud and reading silently from a phono logically balanced list of random words) were tested four times each in four subjects. 1 With this simple paradigm we expected a robust activation in, for example, the motor cortex for speech production (Larsen et al., 1978; Ryding et al., 1993a) . This type of test involves a minimum of learning during the actual performance, thereby allowing, in principle, unlimited repetitions of the task.
MATERIALS AND METHODS
All procedures were approved by the local Ethics and Radiation Safety committees at the Karolinska Hospital. The volunteers were informed both orally and in writing about the procedure well in advance of the actual exam ination day. The subjects were all right-handed and had 20/20 vision, uncorrected.
Phantom studies
The positron camera used in this study was aGE (Scan ditronix) PC2048-15B system with a spatial resolution of 5 mm in the plane and a slice thickness of -6.5 mm (Holte et aI., 1989) . To determine the optimum conditions for brain activation studies with this positron camera system, the true and random coincidence count rates from a 20cm cylindrical phantom were measured during the decay of '8F starting from a radioactivity-concentration of 5 ILCilml. The count-rate information from a few rCBF studies taken from the file header in the time frame 30 s after injection was compared with the results from the phantom study. In this way a relationship could be estab lished between the phantom concentration data and the administered amount of radioactivity. We could thus de termine the noise-equivalent count rate (NEC) (Strother et aI., 1991) , for a wide range of administered doses. NEC is defined as:
where k is the relation between the size of the phantom and the field of view. For the PC2048-15B system, k is -0.7. The NEC data can be regarded as the signal-to noise ratio squared.
PET measurements of rCBF
The subjects were supplied with an arterial and venous catheter. The arterial line was used to obtain samples for blood gases (Radiometer, Copenhagen, Denmark) and to monitor the input function to the brain with the Scan ditronix automatic blood sampling system (ABSS; Eriks son et aI., 1988). The pump speed was 5 ml/min. The detection unit was connected to a data logger, controlled by a microprocessor directly transferring the data to a file in the camera computer system. Data were collected ev ery second for 3 min. Thirty-five mCi (1.3 GBq) of [150]_ butanol (Kabalka et aI., 1985 , Berridge et aI., 1990 , dis solved in a mixture of ethanol and physiological saline (6 ml, ratio 1 :9), was administered to the subjects via the venous catheter. The uptake of [150]butanol was regis tered for 100 s in 10-s time frames. The eight flow studies were performed sequentially with at least a 10-min delay between the injections.
Fixation
A plastic helmet was made for fixation of each individ ual. The procedure described in Greitz et al. (1980) and Bergstrom et al. (1981) was used, with the modification that the front teeth fixation was excluded. A stereotactic magnetic resonance imaging (MRI) investigation (Sie mens 1.0 Tesla) was also performed for each subject with use of the same helmet verifying normal brain morphol ogy. A T2-weighted sequence sampled transaxially in 21 planes with a stereotactic box allowed precise determina tion of coordinates, thereby establishing a common ste reotactic space for the morphological images and PET (Bergstrom et aI., 1981) .
Pretest of the volunteers
Each individual was tested and found to have normal reading abilities and to be free from symptoms of dys lexia. The test consisted of a variety of reading and writ ing tasks developed at the Department of Linguistics, Stockholm University, used in screening for dyslexia and other linguistic problems. The testing procedure was re corded on tape to allow subsequent evaluation of the sub ject's performance.
Experimental design
The PET experimental design is illustrated in Fig. 1 . The subject was placed in a supine position on the patient bed with the head in the PET gantry. The MRI examina tion allowed precise positioning of the volunteers in the camera. Fixation of the volunteer's head was attained by attaching the helmet to the stereotactic holder (Fixster, Stockholm, Sweden) mounted on the bed. The subjects could remain in the camera up to 2 h without significant discomfort. If the measurements were delayed, the sub ject could be removed from the camera and later reposi tioned in the camera. Such repositionings are, of course, sensitive to misalignment errors. However, possible mis alignments can be corrected in the subsequent analysis of the image data, as discussed below.
In this study, only two tasks were to be performed by the subject. Thus, the simple instruction to read aloud or silently from a list of words was the only formal instruc tion that was given. The lists contained randomly selected words that were of comparable phonological weight. (8) is the stereotactic holder (C) to which the helmet is attached.
The list of words to be read by the volunteer is generated in the computer (0) and is visualized from an overhead liquid crystal display (E) projected onto an opaque screen (G) via a mirror (F). Vol. 14, No.4, 1994 Each list was used only once per individual. Reading of the words was commenced> 10 s before the injecti o n of the tracer and continued for the duration of the rCBF measurement. The display of the words was generated by a personal computer (IBM PS/2, EG A). The screen signal was projected with a liquid crystal display (Sayett Datashow 2400) onto a mirror and then down to an opaque screen positioned 75-95 cm from the eyes of the subject. The words (height �50 mm) were individually displayed in black on the white screen during 1,500 ms with a 500-ms intermission, It was verified that each sub ject could comfortably read the list of words error-free. This calibration procedure also allowed the subject to ad just to the experimental situation.
The [150lbutanol was synthesized and delivered to the PET preparation room. The amount of radioactivity was measured and a time for injection was calculated. The projection of single words was started together with the sampling of the ABSS 10--15 s before the bolus «5 s) injection of the tracer.
Calculation of rCBF
To reduce noise in the uptake data, the images were reconstructed with an attenuation correction using an edge-finding algorithm instead of the conventional method with a transmission scan. The 10 frames of data were used for computation of rCBF by a rapid pixel-by pixel nonlinear least-squares optimization technique de veloped by �oeppe et a i . (1985) . The rCBF data were compared with the 20:-70-s and the 100-s uptake summa tion images.
Data analysis
Th e computerized brain at las. An individually adjust able brain atlas was fitted to the 100-s summation images of the four volunteers, including a check of the fit on the subject's MRI image. These images were subsequently reformatted to a common anatomical representation (Bohm et aI., 1983 (Bohm et aI., , 1986 Greitz et aI., 1991) . Two of the four subjects were removed from the camera after four of the eight investigations. To check for differences in posi tioning, the first four reformatted images were summed together and subtracted from the sum of the last four images. Differences in positioning of the order of 1-2 pix els (2,5-5 mm) could, in this way, easily be detected (Fig. 2) . By iteratively readjusting the atlas, followed by refor matting, summation, and image subtraction, reformatted image data relevant to the same positioning in the differ ent investigations could be achieved. Since the blood flow images now had a normalized anatomy they could be av eraged and standard deviations of the mean (SEM) im ages could be formed. All reformatted rCBF and uptake images were normalized to give a global flow of 50 ml l00 g -1 min -1 and a global uptake of 50 nCi/ml, respectively, and subsequently filtered with a 12-mm full width at half maximum (FWHM) Gaussian filter applied to each trans axial slice. From previous experience it is known that the reformatting procedure employed has a standard devia tion in the order of 2 mm in plane and between planes (Seitz et aI., 1990a) .
St atistical analysis. The images of the two activation states A and B were subtracted pairwise within the sub jects i, (i = 1,4) for all the subjects j, j = 1,4, giving 16 subtracted images (A -B)j j (i = 1,4, j = 1,4) that were then filtered and averaged. Exploratory omnibus signifi- This illustrates the importance of proper fixation of the subject when image sub traction is used for the determination of areas of cerebral activation and also that filtering images should be done only in conjunction with proper anatomical re formatting such as that provided by the computer brain atlas.
cance maps were constructed based on the conventional statistical Student's t test.
The t distribution is defined as:
for each pixel, where A -B is the average image of the 16(A -B)i J images. SD is the standard deviation image, defined as:
This definition of the variance of A -B implies that all the 4 x 4 determinations are treated as 16 independent determinations of A-B. The standard deviation, SD, will re.flect correlations between the two activations and is, because of positive correlations, usually smaller than the SD defined below.
The quantity t defined in Eq. 2 with SD taken from Eq. 3 can be evaluated for N -1 degrees of freedom when generating the exploratory significance map. Under the hypothesis, Ho, that no difference exists between the two average values, we can compute the probability, p, for a possible deviation from the Ho hypothesis. The omnibus significance maps were created by assigning different col ors depending on the t value and probability factor of a pixel. The maps were color coded into four levels defined by p > 0.05, 0.05 > P > 0.01, 0.01 > P > 0.001, and p < 0.001 (Fig. 10) . The results from this exploratory signifi cance map were compared to those obtained using Fris ton's (l 991a) technique for the determination of the level of significance with Z-score maps. With a Gaussian image filter of 12-mm FWHM, an image smoothness of 12.9 mm was obtained, measured as recommended by Friston et al. (1991 a) . The t maps were transferred to Z-score im ages and regions of interests were drawn guided by struc tures of interest from the brain atlas. The average and maximum Z score within the selected region of interest was compared with the p = 0.05 threshold value deter mined by Friston's formula.
An overall analysis of variance (ANOVA) was applied to the full data set to detect possible effects of order of measurement or individual (Superanova, Abacus).
RESULTS
The relationship between true and random coin cidence counts and the tracer concentration in the phantom is illustrated in Fig. 3 together with the count rates determined following a 75-mCi injection of e50]butanol. This injected amount of radioactiv ity corresponded to a tracer concentration in the phantom of � 1. 1 /-LCi/ml (the "equivalence point"). In Fig. 4 the relationship between the tracer con centration in the phantom and the injected dose of tracer is shown based on three determined equiva lence points (10, 35, 75 mCi). Fig. 5 is a plot of the NEC data against the amount of radioactivity administered. The NEC curve reaches a maximum of 82 kHz at � 110 mCi and then declines. For an injection of 30 mCi, a NEC value of 44 is obtained. Since NEC data are additive, two 30-mCi injections (NEC = 88) will always be statistically more favorable than any sin gle injection, independently of the amount adminis tered. e50]Butanol can be delivered every 10 min. We chose here to use a fractionation of eight with four investigations of each of the two activation tasks considered and 35 mCi administered per in vestigation. As shown in Fig. 6 , for 280 mCi frac tionated into eight, approximately two-thirds of the maximum NEC information is obtained.
In the data analysis we considered all trials as equal, independent of whether they originated from one individual or from the group and have therefore treated all subtraction images as independent mea surements (N = 16), as indicated in the data anal ysis section and in Eq. 3. The error based on the variance of (A -B) implies that correlations be- tween activation states are incorporated into the er ror as given in the expression:
With no correlations, the standard deviation be comes the uncorrelated error estimate (unpaired es timate) (Eq. 5). In Fig. 7 , profiles from the differ ence data (reading aloud -reading silently) and the two error estimates are shown. The profiles are se lected from the computerized brain atlas image data in such a way that they cut the Brodman area 4 bilaterally. The profile from the uncorrelated error estimate is higher than the correlated error esti- with the Scanditronix PC2048-158 (GE2048) brain camera. The noise-equivalent count (NEC) data are plotted against the administered dose. The NEC levels off at 82 kHz at an administered dose of 110 mCi and then declines. Since the NEC data are additive, it is obvious that two administrations of 30 mCi are always more favorable statistically than any other single administration. This gain is due to the fact that both the system dead time and the random coincidence con tributions are low at low count rates. mate, which indicates a small positive correlation between the two activations. The lower level of the correlated error estimate will result in higher values in the resulting t map, giving a higher degree of significance than for the t map with the uncorrelated error estimate. This is demonstrated in Fig. 8 , showing plots of the two t value distributions based on the same data as in Fig. 7 . The probability levels selected for the probability maps are also shown. The lower limits are relevant for the uncorrelated error estimate. The error estimate of Eq. 3 indicates an almost equal significance level for the. two Brod man areas both well above the t value for the p < 0.001 limit. The t distribution based on the uncor related error estimate, on the other hand, gives an unexpected unsymmetric distribution over the two Brodman areas. The right Brodman area 4 exceeds a t value for p < 0.001, whereas the left area reaches Fig. 7) . The critical t values for rejecting the zero hy pothesis are indicated on the t-value axis. The lower limits depict the uncorrelated error estimate. a significance level of only p < 0.01. This may in dicate that the error estimate Eq. 3 is more reliable in this case. A positive correlation is expected since all image pairs (Ai -Bj) belonged to the same indi vidual when calculating the covariance, thereby re ducing systematic errors. Furthermore, a positive correlation gives a lower error estimate.
We also compared the blood flow image data with the uptake image data to investigate whether the input function must be determined. In Fig. 9 a com parison for a t distribution profile is made between an uptake image (100 s) and a rCBF image profile, taken as before across the Brodman areas 4SI and 4DX. A strong correlation was observed between the flow and uptake data. Significance images based on the summation data are in good agreement with those based on the blood flow images. There were no differences between the data generated from the 100-s uptake images and those from the 20-70-s up take images. Table 1 contains the results from the exploratory significance maps based on pixel-by-pixel t values as well as the 0.05 threshold determined from the Z-score images as described in Friston et al. (1991a) . The most prominent activations for reading aloud compared to reading silently are shown in Fig. 10 . Reading aloud relative to reading silently activated a major part of the motor cortex and a large area in the cerebellar vermis region extending to the cerebellar hemispheres, especially on tqe left side. The cerebral motor area activations were es sentially symmetrical. Reading silently relative to reading aloud activated several discrete areas in the frontal lobes with the most prominent activation in area 46 on the left side. These activations were less symmetrical than the motor activations. These ma jor activations were also significant when the level of significance was calculated with our implemen tation of the Friston technique (1991a) with Z-score maps generated based on our t maps.
Areas of activation
Calculated on the sampled regions of interest, no effects were detected connected to individual (F = The means and errors are calculated according to Eq. 3. The structure names are those provided by the computer brain atlas data base. Levels of significance are given maximum Z-scores obtained. We performed subtractions within the data set between the four first and the four last images (Resample). No significant differences were noted. When only the first two image pairs from the individuals were included (Subset), the Z scores generally decreased and reached only 5% significance level. ns, not significant. 1.357, df = 3, p = 0. 255) or order of measurement (F = 0.797, df = 3, p = 0. 496) with the ANOVA procedure, whereas region and activation paradigm both were highly significant (F = 126.1, df = 15 , p < 0. 0001 and F = 74.9, df = 1, P < 0. 0001, respec tively). The absence of order effect is graphically shown in Fig. 11 .
DISCUSSION
The phantom study supported the proposal that the higher the fractionation, the higher the NEC and hence improved statistical precision. There is an additional advantage in the fractionation approach apart from the increased statistical precision. The actual performance of the activation paradigm may yield an improved estimate of the CBF changes (ac curacy). With the bolus technique, the administered activity enters the brain within 15-20 s with the flow to be measured. Therefore, most of the flow infor mation recorded by the PET system is restricted to this time period. However, with a fractionation of N, the time period during which blood flow infor mation can be measured is extended N times. This may result in a more accurate determination of the activation, since the activation and its influence on rCBF may vary in time. By averaging the multiple data and calculating the statistical spread, the error images may provide information about both the sta tistical and physiological variations for each indi vidual. In practice, the time in the scanner sets the limit for the fractionation. It is important to recog- nize that the sequence of the different activation states should be randomized for each subject in or der to avoid systematic errors due to habituation to the procedure as well as learning (Seitz et aI., 1990b; Grafton et aI., 1992 , see also Fig. 11 ). In a language task including generated responses to stimuli, the results indicated a rapid learning and change of CBF response in the first few measure ments (Raichle et aI., 1994) . The paradigm used here was deliberately chosen to contain no element of learning and the subjects were allowed to try the procedure in the camera before the actual measure ments. Thus, it seems that the activations recorded here are truly task related and constant across runs. Fractionation is thus an important tool for reduc ing image noise in activation studies. All the areas with major activations were visible in each individ ual after averaging the four subtraction images. One major problem with this method, as has been pointed out by Cherry et al. (l993b) , is the in creased risk for motion of the subject between stud ies. However, the helmet fixation and the stereo tactic procedures used here in conjunction with the computerized brain atlas minimize such errors and enable us to compensate for it should it occur. As shown in Fig. 2 , errors in positioning can easily be detected and corrected for by applying translations in three dimensions in the computerized brain atlas program.
The preferred estimation of the error was based on paired intra-individual subtractions (Eq. 6). If paired subtractions were made across subjects, the error estimate would approach that calculated ac cording to Eq. 5 (covariance approaches 0 in Eq. 6). This suggests that the influence of systematic inter individual differences may be reduced.
In the data analysis, we have considered all trials as equal, independent of whether they originated from one individual or from the group. If the differ ences between the individual determinations are all of statistical origin, then this approach is a good approximation for the determination of the error and significance levels. Even though intra individual physiological variations would increase the error estimate, we consider this estimate ade quate. The more conservative approach to incorpo rate only the four individual averages will overesti mate the error to such an extent that the Z score will nowhere exceed the threshold for significance, con tradicting the finding that the major activations were clearly visible in the subtraction images from each individual.
The wide filters used here and in comparable ap proaches for analyzing subtraction images will in crease the signal-to-noise ratio in the images (Kanno, 1991) as well as compensate for minor an atomical differences in the subjects and for inter individual differences in activation patterns within ce rebral structures (Petersen et aI., 1988; Friston et aI., 1991b) . However, such filtering is "blind," and the position of the point of maximum of a real activation can be shifted because of the influence from a small but significant signal in a region close by (see Fig. 2 ).
Since the major activations are found in all the average individual subtraction images, the findings in one individual may be used to propose a hypoth esis that is subsequently tested by investigating whether the results from the rest of the group verify the hypothesis (Friston et aI., 1991a) . Such an ap proach would decrease the number of studies re quired and would improve the sensitivity for minor but consistent changes (Lassen et aI., 1991) . In this study the major activations were all detectable in each case (see also Fig. 2) . Thus, a proper hypoth esis could be generated from repeated studies of one subject.
Statistical precision may also be improved by in creasing the sensitivity of the PET systems, for example, by removing the interplane septa and re cording data from all possible detector combina tions. This, in conjunction with a direct three dimensional image reconstruction of the data, has been shown to significantly increase the signal-to noise ratio (Townsend et aI., 1989; Cherry et aI., 1991 Cherry et aI., , 1992 . It is predictable from the results here that removal of the septa will require even lower amounts of injected tracer for activation studies, making fractionation and reliable subject head fix ation a necessity for a successful study.
Our observation that the summation data and blood flow data provide essentially the same acti vation information is in agreement with Fox and Mintun (1989) , Mazziotta et ai. (1985) , and Kosslyn et ai. (1993) . Activation studies based on summa tion data are attractive since, because of their non invasive nature, they are simple to execute. How ever, this method will not entirely supersede the more conventional protocol since some clinical and pharmacological protocols still require quantitative blood flow data.
The activated regions in this study compare very well with the regions described in a number of pre vious rCBF studies using a similar paradigm (Larsen et aI., 1978; Petersen et aI., 1988; Ryding et aI., 1993a,b) . It must be remembered that in this methodological study we compared two states of activation, both including the same type of visual input and decoding of lexical information but then generating two different responses, reading aloud or reading silently. The bilateral activation of the Brodman area 4, together with large areas of the cerebellum when reading aloud, is consistent with motor function in the generation of speech com bined with sensory feedback information. Activa tion of the cerebellum has been reported in purely cognitive tasks (Ryding et al., 1993b) but the present data suggest that such activation is of lesser magnitude than the CBF increases because of mo tor feedback information processing. Our data for silent reading reveal a strbnger activation of the right parietotemporal area (Brodman area 39, 40), an area known to be important in the verbal and nonverbal processing of information (Penfield and Jasper, 1954) . In addition, silent reading selectively activates regions in the frontal cortex probably be cause the lack of auditory feedback during silent reading forces a change of strategy to maintain at tention, understand the words, and sequence the reading performance (Ingvar, 1985; Pardo et al., 1991) . Thus, our data support the general concept that the part of language that is coupled to the ex ternal world has a clear bilateral representation, whereas regions activated by the higher language functions such as phoneme building and syntax have a left-sided dominance (Damasio and Dama sio, 1992) .
We conclude that the use of the fractionated rCBF measurement improves our ability to detect and accurately delineate activated areas with PET. When applying fractionation, testing for order ef fect is of importance as well as maintaining a proper alignment between runs, either with head fixation or 'a software-based alignment (for example, the computer brain atlas) or, preferably, both.
